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Synthesis of ganglioside GDlb from ganglioside Go2 was demonstrated using Golgi membranes isolated from rat liver. 
Competition experiments using gangliosides GA2, GU2 and G o2 as substrates, and as mutual inhibitors for ganglioside 
galactosyltransferase activity in preparations of Golgi vesicles derived from rat liver, suggested that galactosyl transfer 
to these three compounds, leading to gangliosides G Alr Gwla and GDlb respectively, is catalyzed by one enzyme. These 
results strengthen the hypothesis that the main site for the regulation of ganglioside biosynthesis occurs within the reac- 
tion sequence LacCer+GA3+Go)+GT3. 
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1. INTRODUCTION 
Gangliosides are a group of complex glyco- 
sphingolipids characterized by the presence of one 
or more sialic acid units in their oligosaccharide 
chain. Although gangliosides are ubiquitous plas- 
ma membrane components, little is known about 
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Abbreviations: Cer, ceramide (N-acylsphingosine); Gal, galac- 
tose; GalNAc, N-acetylgalactosamine; Glc, glucose; NeuAc, N- 
acetylneuraminic acid; UDP-Gal, uridine 5 ‘-diphosphogalac- 
tose; UDP-GalNAc, uridine 5 ‘-diphospho-N-acetylgalactos- 
amine; CDP-choline, cytidine 5 ‘-diphosphocholine; CMP- 
NeuAc, cytidine 5 ‘-monophospho-N-acetylneuraminic a id; 
GlcCer, glucosylceramide, Glcl + 1Cer; LacCer, Gaul -+ 
4Glc@l --t 1Cer. In the nomenclature of Svennerholm [19] for 
gangliosides: G, ganglioside; M, monosialo; D, disialo; T, 
trisialo; and arabic numerals indicate the sequence of migration 
in thin-layer chromatograms 
Enzymes: UDP-N-acetylgalactosamine : galactosyl-glucosylcer- 
amideal + 4 N-acetylgalactosaminyltransferase (EC 2.4.1.-) or 
GA2 synthase; UDP-N-acetylgalactosamine : (N-acetylneur- 
their function and the regulation of their 
metabolism. Ganglioside biosynthesis takes place 
in the Golgi apparatus where, starting with 
glucosylceramide, it progresses through the se- 
quential addition of galactose, N-acetylgalactos- 
amine and N-acetylneuraminic acid to the growing 
oligosaccharide chain [l]. These reactions are 
aminyl)-galactosyl-glucosylceramide ,f31+ 4 N-acetylgalactos- 
aminyltransferase (EC 2.4.1.92) or GMZ synthase; UDP-N- 
acetylgalactosamine:(N-acetylneuraminyl-N-acetylneur~inyl)- 
galactosyl-glucosylceramide fll -+ 4 N-acetylgalactosaminyl- 
transferase (EC 2.4.1.-) or Go2 synthase; CMP-N-acetyl- 
neuraminate : (N-acetylneuraminyl)-galactosyl-glucosylcerami- 
de (~2 + 8 sialyltransferase (EC 2.4.99.8) or GD~ synthase; UDP- 
galactose: N-acetylgalactosaminyl-galactosyl-glucosylceramide 
pl --* 3 galactosyltransferase (EC 2.4.1.-) or GAL synthase; 
UDP - galactose: N - acetylgalactosaminyl - (N- acetylneurami - 
nyl)-galactosyl-glucosylceramide fil -+ 3 galactosyltransferase 
(EC 2.4.1.62) or GM,~ synthase; UDP-galactose: N-acetyl- 
galactosaminyl - (N - acetylneuraminyl - N - acetylneuraminyl) - 
galactosyl-glucosylceramide pl + 3 galactosyltransferase (EC 
2.4.1.-) or Golb synthase; CMP-N-acetylneuraminate:asia- 
loganglioside (GAG) cr2 --t 3 sialyltransferase (EC 2.4.99.-) or 
GMlb synthase; CMP-N-acetylneuraminate : monosialogangli- 
oside (GM~~) cr2-+ 3 sialyltransferase (EC 2.4.99.2) or GDI, 
synthase; CMP-N-acetylneuraminate : disialoganglioside (GDlb) 
au2 -+ 3 sialyltransferase (EC 2.4.99.-) or GTlb synthase 
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catalyzed by specific glycosyltransferases. Many of 
these enzymes, which utilize UDP-Gal, UDP- 
GalNAc or CMP-NeuAc as sugar donors, have 
been studied and partially characterized in rat liver 
Golgi apparatus [2- 111. Some of the glycosyltrans- 
ferases involved in ganglioside biosynthesis 
catalyze analogous reactions differing only in the 
identity of the acceptor (e.g. GAI, Ghlia, Gnlt, syn- 
thase catalyze the transfer of galactose in Pl-4 
linkage to the N-acetylgalactosamine r sidue of the 
respective acceptor molecule). It has been pro- 
posed, but not proven, in earlier studies that these 
enzymes are identical [12,13]. Pohlentz et al. [lo) 
were the first to demonstrate the identical nature of 
GAZ, GM~, Gnz synthases as We]] as GM& Gnra, 
Grrt, synthases in rat liver Golgi [lo]. Here, 
through kinetic and competition experiments, we 
show that GAl, GM~= and Gnn, synthases are one 
and the same enzyme in rat liver Golgi. 
2. MATERIALS AND METHODS 
2.1. Materials 
UDP-D-[U-‘%Z]galactose were purchased from Amersham 
(Braunschweig) and used after dilution with the appropriate un- 
labelled nucleotide sugars obtained from Sigma (Deisenhofen). 
Sephadex G-25 superfine was obtained from Pharmacia (Frei- 
burg). CDP-choline, Triton X-100 and bovine serum albumin 
were obtained from Sigma (Deisenhofen). Scintillation cocktail 
Pica Fluor 30 was purchased from Packard (Frankfurt) and 
sodium cacodylate from Fluka (Buchs, Switzerland). Male rats 
of the Wistar strain (300-350 g) were procured from Hagemann 
(Extertal, FRG). Gangliosides used in this study were available 
in our laboratory. Go2 was a gift from Professor Svennerholm 
(Goteborg, Sweden). All other reagents and solvents used were 
of analytical grade quality. 
2.2. Methods 
Golgi-rich vesicles were isolated from rat liver, essentially by 
the method of Sandberg et al. [14] as detailed in [15,16]. Enrich- 
ment of Golgi-specific enzymes (glycosyltransferases) was 
50-80-fold. Contamination with other cellular membranes 
(plasma membrane, lysosomes, endoplasmic reticulum) was less 
than 5% [15]. 
2.3. Assay of galactosyltransferases (GA,, GMI., Gmb synthase) 
In a total volume of 50 ~1, assay solutions contained glyco- 
lipid acceptor (GA*, GMZ, GDZ) up to 200 PM, 0.3% (w/v) Triton 
X-100, 64 mM sodium cacodylate/HCl (pH 7.35), 10 mM 
CDP-choline, 20 mM MnC12, 500 PM UDP-[%]Gal 
(130-330 GBq/mol) and 5Opg Golgi protein. Incubation was 
for 15 min at 37°C. 
Gangliosides GA2, GMZ and Go2 and the detergent Triton 
X-100 were in chloroform/methanol (2: 1, v/v) solution. The 
substances in the organic solvents were first dried under a 
stream of NZ and sonicated for 45 s in buffer before use in the 
enzyme assay. After incubation for 15 min the reaction was 
stopped by adding 1 ml chloroform/methanol (2: 1, v/v). The 
gangliosides were separated from radioactive nucleotide sugars 
by Sephadex G-25 gel chromatography [15]. The radioactivity 
of the products was determined in a liquid scintillation counter. 
Rates for all the reactions described in this paper were linear 
with time, for at least 30 min, and linear with protein concentra- 
tion up to 50-75 Fcg per assay depending on the Golgi prepara- 
tion. During the 15 min incubation period the decrease in sugar 
nucleotide concentration was less than 5%. 
All experiments were performed at least twice and mean 
values are presented in the figures. The K,,, values presented are 
apparent K,,, values determined in detergent-containing assays. 
2.4. Product identification 
Eluted fractions from the Sephadex columns were dried under 
a stream of N2, redissolved in 100~1 chloroform/methanol 
(2: 1, v/v) and applied to silica gel G 60 TLC plates. 
Chromatograms were developed in chloroform/meth- 
anol/0.2% CaC12 in water (60:35: 8, v/v). Radiolabelled 
material was visualized by fluorography as described [ 171. 
3. RESULTS 
The conversion of GAZ, GMZ and GDZ to GAG, 
G~ra and Grin,, respectively, could be catalyzed by 
either the same or three different galaetosyltrans- 
ferases. In order to discriminate between these two 
possibilities, two of the three substrates (GAG, GMMZ, 
Gnz) were used in the enzyme assay at the same 
time at various relative concentrations, keeping the 
total acceptor concentration at 200/rM. For two 
independent enzymes, each recognizing only one of 
the substrates a and b, the total reaction velocity vt 
can be calculated as the sum of two partial 
velocities va and vb given by their respective 
Michaelis equations (eqn 1): 
(1) 
If both substrates are accepted by the same enzyme 
(i.e. the same active site) and each substrate acts as 
a competitive inhibitor of the other, the inhibitor 
constant (Kr) of either substrate would be equal to 
its K,,, value (K, = K;). The total velocity is given 
by eqn 2 as described in [ 181: 
Vt = Va + vb = l+;;+Fl)+l+~~+$2? 
The K,,, and vmax values were determined 
simultaneously with the same Golgi preparation. If 
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Fig. 1. Competition between GA2 and GMZ in the galactosyltrans- 
ferase assay. As described in section 2, GA* and GMZ were used 
as acceptors for galactosyltransferase in various relative concen- 
trations, keeping the total acceptor concentration at 20pM. 
Total reaction velocities determined experimentally (0) or 
calculated for the different models (eqn 1 or 2) are plotted vs 
substrate concentration. The kinetic constants used were those 
given in section 3. Upper curve, vt as calculated from eqn 1 (two 
different enzymes); lower curve, vt as calculated from eqn 2 (one 
enzyme). 
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Fig.2. Competition between GMZ and Goa in the galactosyltrans- 
ferase assay. As described in section 2, GMZ and Gna were used 
as acceptors for galactosyltransferase in various relative concen- 
trations, keeping the total acceptor concentration at 20gM. 
Total reaction velocities determined experimentally (0) or 
calculated for the different models (eqn 1 or 2) are plotted vs 
substrate concentration. The kinetic constants used were those 
given in section 3. Upper curve, vt as calculated from eqn 1 (two 
different enzymes); lower curve, vt as calculated from eqn 2 (one 
GAZ and GM~ were used in the galactosyltransferase 
assay as acceptors (GAz, Km = 8 FM, vmax = 
15 nmol/h per mg; GMMZ, K,,, = 4 PM, vmax = 
15 nmol/h per mg) the total reaction velocities 
could be calculated from eqns 1 and 2 (fig.1). The 
measured vt values clearly fitted with those 
calculated using eqn 2; these results show that GAG 
and GMI~ are synthesized from their respective 
precursors at the same active site of a single en- 
zyme. In analogous experiments when GMZ and 
GDZ (GMMZ, Km = 9 pM; vmax = 31 nmol/h per mg; 
GDZ, Km = 6 pM; vmax = 30 nmol/h per mg), or 
GAZ and GDZ (GM, Km = 27 PM; vmax = 40 nmol/h 
per mg; GD~, K,,, = 6 PM; vmax = 49 nmol/h per 
mg) were used as glycolipid acceptors for synthesis 
of GMI~ and Gnrb or of GA* and Gnrb, respectively, 
similar results were obtained (figs 2,3). 
These experiments show that GAG, GM~~ and 
Gnlb synthesis iS catalyzed by a single galactosyl- 
transferase in rat liver Golgi. 
4. DISCUSSION 
enzyme). The identical nature of the GIW and GD~ syn- 
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Fig.3. Competition between GAZ and Gn2 in the galactosyltrans- 
ferase assay. As described in section 2, GAG and GDZ were used 
as acceptors for galactosyltransferase in various relative concen- 
trations, keeping the total acceptor concentration at 20rM. 
Total reaction velocities determined experimentally (0) or 
calculated for the different models (eqn 1 or 2) are plotted vs 
substrate concentration. The kinetic constants used were those 
given in section 3. Upper curve, vt as calculated from eqn 1 (two 
different enzymes); lower curve, vt as calculated from eqn 2 (one 
enzyme). 
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Fig.4. Suggested scheme for ganglioside biosynthesis. 
G PIG 
thases, G~ia and GDlb synthases, and Gala and 
Grn, synthases was suspected in earlier studies 
[12,13]. Pohlentz et al. [lo] were able to 
demonstrate that the synthesis of GAZ, GMZ and 
Gnz from their respective precursors is catalyzed by 
the same N-acetylgalactosaminyltransferase in rat 
liver Golgi, as is the synthesis of GMn,, Gnia and 
Grn, by the same sialyltransferase [IO]. By proving 
the non-identity of GD~ and G~ia synthase they 
also demonstrated that this method allows one to 
distinguish between two different enzymes [lo]. 
The present study demonstrates that GAI, G~ia 
and Gnit, are synthesized by the same galactosyl- 
transferase in rat liver Golgi. The synthesis of Gnlb 
from GD~, using Golgi membranes isolated from 
rat liver, is demonstrated for the first time. The 
results support the modified model of ganglioside 
biosynthesis proposed previously (fig.4) [lo]. In 
this model, the sialyltransferases I-III seem to 
determine to which series a certain ganglioside 
molecule is directed (asialo, a, b or c). Starting with 
LacCer, GM~ or GD~, and also possibly with GT~, 
further biosynthesis of gangliosides belonging to 
the three, and possibly four, different series (i.e. 
asialo, a, b or c) is catalyzed by the same set of en- 
zymes, namely N-acetylgalactosaminyltransferase, 
galactosyltransferase II, sialyltransferase IV and 
sialyltransferase V (fig.4). These four enzymes 
seem to recognize the common neutral carbo- 
hydrate ‘backbones’ of their respective acceptors. 
The different number of sialic acid residues bound 
to the inner galactose of the carbohydrate back- 
bone has an influence on the kinetic properties of 
these glycosyltransferases. The present results also 
support our hypothesis [lo] that a major site for 
the regulation of ganglioside biosynthesis occurs in 
the reaction sequence LacCer -+ GM~ -+ GD~ + GT~ 
(fig.4). 
Acknowledgements: We are very grateful for the gift of Gnz 
from Professor Svennerholm (Giiteborg). This work was sup- 
ported financially by the Deutsche Forschungsgemeinschaft nd 
the Fonds der Chemischen Industrie. 
REFERENCES 
[l] Schachter, H. and Roseman, S. (1980) in: The Bio- 
chemistry of Glycoproteins and Proteoglycans (Lennarz, 
W.J. ed.) pp. 85-160, Plenum, New York. 
[2] Wilkinson, F.E., Morre, D. J. and Keenan, T.W. (1976) J. 
Lipid Res. 17, 146-153. 
[3] Richardson, C.-L., Keenan, T.W. and Morre, D.J. (1977) 
Biochim. Biophys. Acta 488, 88-96. 
[4] Eppler, C.M., Morre, D.J. and Keenan, T.W. (1980) Bio- 
chim. Biophys. Acta 619, 318-331. 
21 
Volume 248, number 1,2 FEBS LETTERS May 1989 
[5] Senn, H.J., Cooper, C., Warnke, P.C., Wagner, M. and 
Decker, K. (1981) Eur. J. Biochem. 120, 59-67. 
[6] Senn, H.J., Wagner, M. and Decker, K. (1983) Eur. J. 
Biochem. 135, 231-236. 
[7] Kaplan, F. and Hechtman, P. (1983) J. Biol. Chem. 258, 
770-776. 
[8] Busam, K. and Decker, K. (1986) Eur. J. Biochem. 160, 
23-30. 
[9] Klein, D., Pohlentz, G., Schwarzmann, G. and Sandhoff, 
K. (1987) Eur. J. Biochem. 167, 417-427. 
[lo] Pohlentz, G., Klein, D., Schwarzmann, G., Schmitz, D. 
and Sandhoff, K. (1988) Proc. Nat]. Acad. Sci. USA 85, 
7044-7048. 
[l l] Pohlentz, G., Klein, D., Schwarzmann, G. and Sandhoff, 
K. (1988) Biol. Chem. Hoppe-Seyler 369, 55-63. 
[12] Cumar, F.A., Tallmann, J.F. and Brady, R.O. (1972) J. 
Biol. Chem. 247, 2322-2327. 
[13] Pacuszka, T., Duffard, R.O., Nishimura, R.N., Brady, 
R.O. and Fishman, P.H. (1978) J. Biol. Chem. 253, 
5839-5846. 
[14] Sandberg, P.O., Marzella, L. and Glaumann, H. (1980) 
Exp. Cell Res. 130, 393-400. 
[15] Yusuf, H.K.M., Pohlentz, G., Scnwarzmann, G. and 
Sandhoff, K. (1983) Eur. J. Biochem. 134, 47-54. 
[16] Yusuf, H.K.M., Pohlentz, G. and Sandhoff, K. (1983) 
Proc. Natl. Acad. Sci. USA 80, 7075-7079. 
[17] Sonderfeld, S., Conzelmann, E., Schwarzmann, G., Burg, 
J., Hinrichs, U. and Sandhoff, K. (1985) Eur. J. Biochem. 
149,247-255. 
[18] Dixon, M. and Webb, EC. (1979) Enzymes, p. 334, 
Longman, London. 
[19] Svennerholm, L. (1963) J. Neurochem. 10, 613-623. 
22 
